Differential phase-contrast imaging with hard x rays can have important applications in medicine, material sciences, and energy research. Phase-contrast methods based on microperiodic optics, such as shearing interferometry, are particularly attractive because they allow the use of conventional x-ray tubes. To enable shearing interferometry with x rays up to 100 keV, we propose using grazingincidence microperiodic mirrors. In addition, a simple lithographic method is proposed for the production of the microperiodic x-ray mirrors, based on the difference in grazing-incidence reflectivity between a low-Z substrate and a high-Z film. Using this method, we produced prototype mirrors with 5-100 μm periods and 90 mm active length. Experimental tests with x rays up to 60 keV indicate good microperiodic mirror reflectivity and high-contrast fringe patterns, encouraging further development of the proposed imaging concept.
Introduction
X-ray differential phase-contrast (DPC) imaging relies on the refraction of x rays passing through an object. Because for hard x rays the refraction angles are in the microradian range, the basic technique used for DPC imaging is to angularly filter, with microradian resolution, the transmitted x-ray beam, thus converting the angular beam deviations from refraction into intensity changes on a conventional detector. The angular filtering is done using x-ray optics such as crystals or gratings (see [1] for a recent review).
The fundamental advantage of DPC imaging is that it is sensitive to density gradients in the measured object rather than to its bulk x-ray absorption. In medical imaging, for instance, refraction has a contrast enhancing effect at tissue boundaries, which enables the detection of soft tissues that are otherwise invisible in conventional x-ray imaging. The ultrasmall angle scattering occurring in microstructured soft tissue, such as cartilage, tendon, ligament, or muscle, has also a volume contrast enhancing effect [1] [2] [3] [4] [5] . Another benefit of DPC for medical imaging is that it can improve contrast and resolution at a similar or lower dose than in conventional x-ray imaging. This is possible because DPC uses x rays that are not absorbed by the body and because the soft tissue refraction coefficients decrease with x-ray energy much slower than the absorption ones. In particular, by using for DPC a spectrum with mean energy in the 50-80 keV range, approximately, the soft tissue dose is minimized while refraction strongly dominates over absorption [1, 6] .
X-ray phase contrast is also of interest for imaging and nondestructive characterization in material sciences, in particular as concerns low-Z materials. The structure and defects of materials ranging from polymers, to fiber composites, to wood, and to engineered biomaterials can be probed on the micrometer scale using x-ray phase contrast [7] [8] [9] . Some of the techniques used for x-ray phase contrast can also be applied with neutrons [10] . Recently, x-ray phase contrast has gained attention in fusion energy research, where the capability of refraction-based imaging to measure the density gradients in an object can be used for the diagnosis of high-density plasmas in inertial confinement fusion and other high-energydensity physics experiments [11] .
Until recently, research on x-ray DPC imaging has been done mostly at synchrotrons, using crystal optics; the high intensity of the synchrotron compensates for the low efficiency (less than a hundredth of a percent) of the crystal optics [1, 12] . Although there are efforts to develop tabletop synchrotrons [13] , or to use narrow K α lines from conventional tubes [14] , the crystal method has not yet entered the domain of practical applications. It is thus of interest to develop more efficient DPC methods and optics that can work with conventional medical or industrial x-ray tubes.
A DPC method that can work with conventional xray sources is Talbot-Lau shearing interferometry, in which microperiodic optics, such as gratings, are used to angularly filter the refracted x rays with microradian resolution [15] [16] [17] . The Talbot interferometer includes first a "beam splitter" (typically a π-shift phase grating), which divides (or "shears"), with the Talbot effect, the incoming beam into a few microradian wide beamlets. The Talbot effect consists of a "replication" of the grating pattern by the wave intensity, at periodic distances along the beam, called Talbot distances, d T ¼ k=η 2 · g 2 =ð2λÞ, with λ being the x-ray wavelength, g the grating period, k ¼ 1; 2; … the order of the pattern, η ¼ 1 for a π=2 phaseshifting grating or for an absorption grating, and η ¼ 2 for a π phase grating [18] . The beam splitter thus creates at the "Talbot distance" a microperiodic fringe pattern, which changes shape (shifts) with respect to the unperturbed pattern when a refractive object is introduced in the beam. The DPC imaging consists thus in measuring the changes in the fringe pattern induced by the object, with respect to the pattern without the object. To achieve microradian angular sensitivity at hard x-ray wavelengths, the period g must be in the micrometer range, resulting in a Talbot distance of a few tens of a centimeter.
The fringe pattern can, in principle, be directly measured using a microscopic pixel detector [17] . This is, however, quite inefficient. For most practical applications, the fringe pattern changes are converted into intensity changes on a macroscopic pixel detector, by introducing an "analyzer" absorption grating placed behind the beam splitter and having the period of the Talbot pattern. Finally, for such an interferometer to function with an extended spot xray tube, a "source" absorption grating is placed in front of the source, thus dividing it into an array of quasi-coherent line sources [16] [17] [18] .
The gratings are made by microlithography in thin Si wafers or photoresist [19, 20] . The absorption gratings are difficult to fabricate; they are typically made by filling with gold the gaps in regular transmission gratings. The "grating shearing method" described above has demonstrated performance similar to the crystal method at energies below a few tens of kiloelectron volts [21] .
This method is, however, less useful at energies above a few tens of kiloelectron volts. The reason is that it is difficult to fabricate micrometer-period absorption gratings with the thickness required to block higher energy x rays. This is illustrated in Fig. 1 with a plot of the Au thickness needed for 95% absorption, as a function of the photon energy. As seen, several hundred micrometer depth gratings would be needed in the range of interest for clinical DPC imaging. Depending on the grating period, the present technological limit is, however, around 50-100 μm [19, 20, 22] . This limits the contrast of the grating shearing method for high-energy x rays, as illustrated in Fig. 1 by the fringe contrast computed for an interferometer having 30 μm thick, 4 μm period Au analyzer grating (throughout the paper we used for x-ray phase-contrast and optics calculations the XWFP wave propagation code [23] and the XOP optics package [24] ).
A new type of optics is therefore needed to enable efficient DPC imaging at x-ray energies above a few tens of kiloelectron volts. The method proposed in this paper is to replace the absorption gratings in the shearing interferometry setup with grazingincidence microperiodic mirrors. Efficient interferometers could be built for energies up to nearly 100 keV by using mirror optics. In addition, we propose a lithographic method for the fabrication of the microperiodic mirrors that is simpler, less costly, and more flexible than that of the above-mentioned absorption gratings.
The structure of the paper is as follows. In Section 2 we describe the proposed concept of mirror-based shearing interferometry and how it could be applied for DPC imaging. In Section 3 we describe the Fig. 1 . Gold thickness needed for 95% absorption as a function of x-ray energy. Also shown is the fringe contrast for a grating interferometer having a 30 μm thick, 4 μm period Au analyzer. At energies of clinical interest, the analyzer becomes transparent to x rays, drastically reducing the interferometer contrast. lithographic method and mirror fabrication details. In Section 4 we present results obtained by testing prototype microperiodic mirrors with x rays having energy up to 60 keV. In Section 5 we briefly discuss the challenges in the proposed concept, as well as other possibilities of using this type of optics.
Phase-Contrast Imaging with Microperiodic Mirrors
The newly proposed method for microperiodicmirror-based DPC imaging is sketched in Fig. 2 . The mirrors consist simply of alternating reflective and nonreflective strips. Incidence angles below the critical angle for total reflection are used to achieve large reflectivity for hard x rays.
When illuminated by a point source, the "beam splitter" mirror produces on the detector, through the Talbot effect, a fringe pattern of period g 1 ∼ few μm. When a refractive object is inserted in the beam path, the pattern shifts by a small amount (a fraction of g 1 ). An "analyzer" mirror of period g 2 ∼ g 1 converts this fringe shift into an intensity change on the detector, as sketched in Fig. 2b ). In order to make the setup work with an x-ray tube having an extended focal spot, the source is divided into an array of quasi-coherent line sources using a third, "source," mirror of period g 0 ¼ g 2 · L=d T [ Fig. 2c) ], similar to the previously described grating method. This choice of period ensures that the fringe patterns from each of the microsources overlap at the analyzer [15] [16] [17] [18] .
The characteristic dimensions of the proposed instrument are also shown in Fig. 2 . To obtain good fringe contrast, the x rays incident on the beam splitter should be quasi-coherent, with a minimum transverse coherence length of the order of its period, similar to the grating method [18] . This imposes a minimal distance L between the source and the beam splitter of the order of the meter. A practical value for the mirror length is M ≈ 10-15 cm, although x-ray mirrors nearly 1 m long can be manufactured nowadays. For operation at x-ray energies above a few tens of kiloelectron volts, the incidence angle θ must be around 1 mrad.
"Hybrid" interferometers combining a phasegrating beam-splitter at normal incidence with a grazing-incidence analyzer mirror (and a source mirror, if needed) would also be possible, because for hard x-ray energies, the contrast or visibility of the Talbot pattern created by the grating beam splitter will vary little along the analyzer length. For instance, XWFP calculations for a π-shift phase grating illuminated by an extended source show that, at the first Talbot distance, the longitudinal extent of the region of good fringe visibility is about 1=3 of this distance [18] . For a 10 μm period, a π phase grating at 50 keV, this would translate into an ∼15 cm long region of high fringe contrast, comparable to the analyzer mirror length.
The grazing-incidence operation limits the field of view height in Fig. 2 to M · sinðθÞ, which for the above values would be of the order of 100-200 μm. The field of view width is limited only by the practical mirror width of 10 cm or more. The mirror interferometer concept is thus well suited for line scan imaging in which the detector is a linear array and the interferometer or the object is spatially scanned to obtain the image of an area of interest [ Fig. 2c) ]. For lower energy applications, the incidence angle could nevertheless be increased to enable 2D phase-contrast imaging with a field of view having a height of about 1 mm.
Two basic configurations are possible for the microperiodic mirror optics [ Fig. 3a) ]. In the first one, the reflective strips are perpendicular to the incoming rays, similar to the layout in Fig. 2 . This effective period setup can produce very small period patterns from patterns having a large period at normal incidence; for instance, a 1 mm period pattern at normal incidence would appear as a 1 μm effective period pattern at 1 mrad incidence angle. This capability can be used to achieve high angular resolving power at short Talbot distances. In this configuration, the fringes would be parallel to the detector in the line scan imaging system [ Fig. 3a) ].
In the second configuration [ Fig. 3b )], the reflective strips are parallel to the incoming rays and the mirror has a physical period of a few μm. In this setup, the fringes will be perpendicular to the axis of a linear detector [ Fig. 3b) ]. While more difficult to produce, this physical period configuration has the advantage of reduced sensitivity to possible object movement. This is illustrated in Fig. 4 , which shows the XWFP computed fringe pattern for a small plastic sphere in front of a 6 μm period beam splitter, together with the pixels of a linear array detector. As can be seen, while in the effective period setup, a small object displacement perpendicular to the beam-splitter lines will produce a large variation in the intensity profile recorded by the detector, in the physical period setup, the intensity profile is "carried" with the object along the detector, making phase-contrast imaging no more sensitive to movement than conventional x-ray imaging. The physical period configuration is thus best suited for clinical applications. In addition, in this setup, the uniformity of the fringe pattern is less likely to be affected by mirror surface waviness, similar to viewing along straight railroad tracks laid over a hilly terrain.
To avoid the strong parallax possible at grazing incidence when using the fan-shaped beam from an x-ray tube, in both configurations, the reflective patterns can be shaped to match the divergence of the beam. This also allows achieving an arbitrarily wide field of view in the phase-contrast measurement direction, thus enabling line scan imaging of extended objects such as, for instance, a large body joint [ Fig. 2c)] .
The Talbot effect has been studied mainly with gratings at normal incidence [16] [17] [18] . The few measurements at oblique incidence indicate that, at grazing angles, the intensity distribution within a Talbot fringe will become asymmetric, but the periodicity and contrast of the overall pattern should not be affected [25] . This assumption is supported by x-ray diffraction experiments using Young slits produced by grazing-incidence reflection on micrometer-sized mirrors. While the far-field interference pattern was asymmetric, the fringes were still periodic and clearly defined [26] .
An additional effect possible with grazingincidence mirrors is distortion of the fringe pattern due to wavefront propagation along the length of the periodic mirror. To evaluate the magnitude of this effect, we used XWFP calculations. Because the XWFP code does not treat reflective optics, we modeled the microperiodic mirrors as alternating opaque bars and transparent gaps, periodically staggered at the grazing angle along the mirror length. The computed fringe pattern at the first Talbot distance behind such a grazing-incidence structure, having a 4 μm effective period and 10 cm length, and illuminated by a 50 keV point source at 1:2 mrad incidence angle, is shown in Fig. 5 . As is seen, the propagation effects are negligible in a first approximation, with the grazing-incidence fringe contrast comparable to that achievable at normal incidence.
The microperiodic mirror optics could thus allow DPC imaging with good contrast and optical throughput over a broad energy range, extending, in principle, from a few kiloelectron volts to nearly 100 keV. In particular, the method should be useful for the 50-80 keV range, optimal for soft tissue DPC imaging at a low dose. This possibility is illustrated in Fig. 6 with a plot of the computed spectral dependence of the fringe contrast for a "mirrors-only" (mirror beam splitter þ mirror analyzer) and for a hybrid "grating mirror" (phase grating beam splitter þ mirror analyzer) system, having each 4 μm period and optimized for 50 keV central energy. The contrast was computed assuming the above "opaque bar" mirror model, together with plane wave illumination. Also shown in Fig. 6 is the maximal transmission of a mirror based interferometer, considering Ta mirrors with 5 Å surface roughness (see Section 3) and including the reflection on a third "source" mirror and the absorption of a 50 μm thick W filter. The spectrum of a W anode x-ray tube operated at 100 kV and filtered with 50 μm W is also shown for comparison. As seen, a "gratingmirror" device has over 50% contrast between about Fig. 4 . Illustration of the different sensitivity to object movement of the effective and physical period configurations. While in the effective period setup, an object movement perpendicular to the grating lines can induce a large change in the measured intensity profile; in the physical period setup, the intensity profile is "carried" with the object along the detector. Fig. 5 . XWFP computed fringe pattern at the first Talbot distance for simulated grazing-incidence structure of 4 μm effective period at 50 keV, showing that at high x-ray energy, the effects of the wave propagation along the mirror length are small. 40-70 keV, while the maximal contrast of the "mirrors-only" interferometer is lower but decreases less rapidly at higher energies. The contrast curve in both configurations matches well the broad interferometer transmission curve. Finally, the overall response of the instrument matches well the spectrum of the 100 kV tungsten tube. In addition, the multiple mirror reflections together with the W filter effectively suppress the radiation outside ∼30-75 keV, which is useful in medical applications.
Lithographic Method and Microperiodic Mirror Fabrication
To achieve high reflectivity for hard x rays, the microperiodic mirrors must work at incidence angles below the critical angle for total reflection, θ c ≈ 1:6 × 10 −3 λ p ρ, where λ is the wavelength in nm and ρ is the density of the medium in g=cm 3 [26, 27] . A simple and flexible lithographic method of microperiodic mirror fabrication is thus possible based on the difference in critical angle between a high-Z metal film (e.g., Ta, Au, Pt) and a low-Z substrate (e.g., Si or glass). The principle of this method is illustrated in Fig. 7 , which plots the reflectivity of a 600 Å thick Au film and that of a Si substrate, at an incidence angle of 1:15 mrad. The radiation below ∼20 keV is suppressed by a 50 μm thick W absorption filter. A mirror surface roughness of 5 Å, typical of ultrapolished optical substrates, was assumed. As seen, the reflectivity of the Au film exceeds by a large factor that of the Si substrate over the ∼40-70 keV interval. In addition, the mirror spectral range can be simply changed by varying the incidence angle (see also Section 4). High-Z coatings on glass were also used in the above-quoted experiments to make Young slits for 8 keV synchrotron x rays [26] .
The benefits of this method of mirror fabrication are simplicity, low cost, and flexibility. The reflective strips can be patterned using microlithographic techniques to any desired shape; for instance, they can be made divergent to match the fan-shaped beam of an x-ray tube, or "checkerboard"-shaped for simultaneous DPC imaging in two orthogonal directions.
The critical component in this fabrication method is the low-Z substrate, which must have a large area (≥10 cm × 10 cm), together with ≤5-10 Å roughness to avoid degradation of the grazing-incidence reflectivity and with submicrometer flatness to avoid distortion of the fringe patterns. While very expensive in the past, such large area ultrapolished optical substrates have become cost effective in recent years.
For the first experimental tests of the proposed optics, we produced prototype microperiodic mirrors by lithographic patterning of thin Ta films on glass substrates. The substrates were optical flats manufactured by Custom Scientific Solutions, Inc. [28], having 100 mm diameter, 5 mm thickness, ≤5 Å nominal roughness, and flatness ≤λ=10ðλ ∼ 6300 ÅÞ. To allow for an easy lift-off process, negative photoresist designed for negative slope sidewalls (type ma-N1405 from Microchem Co.) was used to make the lithographic patterns. The exposure and development were optimized for dimension control to AE0:1 μm. Electron-beam evaporation of Ta rather than Au was preferred, to avoid "spitting" and deposition of large particles, deleterious to roughness and reflectivity. A Ta film of 600 Å nominal thickness was evaporated at normal incidence and with no motion of the substrates. The lift-off process was executed at room temperature and without sonication, to prevent exfoliating the Ta strips from the substrates.
Using the above technique, we produced two mirrors having a 90 mm active length and a set of four patterns each, as shown in Fig. 8a) . Two of the patterns were of the effective period type, having normal incidence periods of 14 and 0:7 mm, respectively. The other two were of the physical period type, with periods of 100 and 5 μm, respectively. A visible light interferogram of one of the mirrors placed on a reference optical flat is shown in Fig. 8b) , confirming that the lithographic processing did not degrade the high degree of flatness of the mirror. A microscope image of the 5 μm physical pattern is also shown in Fig. 8b ), indicating that good quality reflective microstrips can be produced by this method over large areas.
Tests of Microperiodic Mirrors with Hard X Rays
The basic setup used for the mirror tests is shown in Fig. 9 . The x-ray source was a 60 kV, 1 mA Apogee tube, manufactured by Oxford Instruments, Inc., Fig. 6 . (Color online) Fringe contrast for "mirrors-only" and for "grating-mirror" interferometer of 4 μm period and 50 keV mean energy. Also shown are the overall interferometer transmission for a three-mirror system and the spectrum of a W tube at 100 kV filtered with a 50 μm W absorber. and having a W anode with an ∼60 μm diameter spot. The low-energy radiation was cut off using a 0:3 mm thick Si filter having ∼8 keV cutoff energy or a 65 μm thick Cu filter having ∼16 keV cutoff energy. The beam incident on the mirrors was precollimated to an ∼2 mm × 50 mm cross section by slits, not shown in Fig. 9 , and a knife-edge absorber was used to block the nonreflected or direct light falling on the detector. A thin strip of direct light was nevertheless included in some measurements to obtain a direct measure of the intensity and position of the incident beam. Remotely controlled micropositioning stages were used to align the mirrors under x-ray illumination.
The detector used for imaging tests was a highresolution and high-sensitivity model XR-4S x-ray camera, recently developed by DALSA, Inc., for mammography and other high-resolution applications [29] . The camera has a 25 μm pixel, 16 bit, 5 cm × 5 cm active area, cooled CCD, coupled to a high efficiency and resolution scintillator. The working energy range is 10-100 keV approximately, and the nominal resolving power is ∼10 line pairs=mm (∼50 μm). Our tests show that the camera is sufficiently sensitive and low-noise to allow high-resolution imaging at x-ray fluxes as low as ∼10 5 photons=cm 2 s. This capability allowed performing measurements at large distances from the x-ray tube (up to ∼3 m), thus minimizing the pattern broadening effects due to the finite source size.
A. Measurements of Mirror Reflectivity
The first tests consisted in measuring the x-ray spectra reflected by the Ta mirror at grazing incidence and comparing them with theoretical predictions. For spectral measurements we used a 0:5 mm thick, 6 mm diameter Amptek Si detector [30] , collimated with a 0:5 mm diameter tungsten pinhole and positioned at a few meters from the x-ray mirror. The reflected spectra were measured using the nonpatterned portion of the Ta coating [ Fig. 8a) ] and corrected for the energy dependence of the response of the Si detector. The 0:3 mm Si filter was used to cut off the radiation below 8 keV. The incident spectrum was obtained by placing the detector in the direct light. The incidence angle was determined from the distance between the direct light and the reflected light images obtained with the DALSA camera.
The results in Fig. 10a) show that, at an incidence angle of 1 mrad, the Ta film reflects nearly 80% of the incident light, up to 60 keV, the highest energy available from the tube. As the incidence angle is increased, the higher energy photons are progressively cut off, due to the increase in critical angle. The experimental results agree quite well with the predictions of the XOP code for the spectra of a 60 keV Wanode, reflected from a Ta mirror [ Fig. 10b)] . To match the experimental spectra, we nevertheless had to assume a Ta film roughness of about twice the nominal roughness of the glass substrate. This likely indicates that the film deposition process amplified the roughness of the substrate. The high energy cutoff caused by the incidence The low-energy radiation is cut off by a Si or Cu filter spectrum, and the direct light is suppressed by a knife-edge absorber. A highsensitivity and high-resolution x-ray CCD camera enables working at source detector distances up to ∼3 m. angle increase also occurs at several kiloelectron volts lower energy values than predicted.
The overall conclusion is, nevertheless, that the lithographic method of mirror fabrication enables obtaining large reflectivity at high x-ray energies, close to theoretical calculations. Similar conclusions were obtained in synchrotron experiments using high-Z coated mirrors [27] .
B. Measurements of Mirror Contrast
Another parameter critical for the proposed optics concept is the contrast between the high-Z film and the low-Z substrate. This parameter was evaluated by simple imaging experiments, in which the intensity reflected by the nonpatterned Ta layer was compared to that reflected by the uncoated glass substrate. DALSA camera images obtained for incidence angles of 1.5 and 2 mrad are presented in Fig. 11 . The plots on the right show also the vertical intensity profile through a region including the direct and the reflected light image (dotted line in Fig. 11 ). The source was operated at 60 kV, 1 mA and the incident spectrum filtered with 0:3 mm Si, as above. The data indicate good contrast between the reflective and nonreflective regions for angles as low as 1:5 mrad. As expected, the contrast increases as the incidence angle increases. The fraction of light reflected by the Ta film is in rough agreement with the spectrally resolved reflectivity that can be derived from Fig. 10 : up to ∼75% of the direct intensity is reflected at 1:5 mrad incidence, 45% at 2 mrad, and 30% at 2:5 mrad. The fraction of light reflected by the glass substrate is ∼13%, 3.5%, and 0.5%, respectively.
At incidence angles below 1:5 mrad, however, the Si filter transmits too many low-energy photons to allow good contrast between the Ta film and the glass substrate. To increase the energy range of the mirrors, we thus changed from Si to the Cu filter. The results confirm that by cutting off the radiation below ∼16 keV, good contrast can be achieved also at 1 mrad incidence angle, and implicitly at high xray energies, consistent with the XOP calculations in Fig. 7 .
C. Imaging Tests with Single Mirror
To evaluate the contrast and quality of the microperiodic patterns, we also performed imaging experiments using a single mirror and the DALSA x-ray camera in a magnifying geometry (source-to-detector distance ∼1:8 m, magnification m ∼ 3). The spatial resolution of this imaging system, Δr ∼ p=mþ sð1-1=mÞ, with p being the detector resolving power and s the source extent, is limited, primarily by the source size, to Δr ∼ 55 μm at the mirror location. This in turn limited our testing capability to larger period (≥50 μm) patterns only. For such large periods, the diffraction effects can be expected to be small in the geometry of our experiments; for instance, the first Talbot distance for a 100 μm pattern at 20 keV energy and at m ¼ 2 magnification would be around 16 m.
An image of the 100 μm physical period pattern at 2:5 mrad incidence angle is shown in Fig. 12a ). The data were obtained using the Apogee tube at 60 kV, 1 mA and camera integration times of several seconds. The spectrum was shaped with the Si filter. As illustrated in Fig. 12 , with proper filtering, good contrast microperiodic patterns can be obtained at any angle. The height of the images at the detector is consistent with the full length of the pattern contributing to the image. The quality of the pattern in the central region is quite remarkable, keeping in mind the grazing-incidence angle and the 90 mm length of the reflecting strips. The peripheral image of the pattern, on the other hand, is distorted and blurred by the strong parallax arising from the divergent x-ray beam. This clearly shows that in a practical phase-contrast system, the mirror patterns must match the divergence of the beam. The intensity modulation along the dotted region in the 2:5 mrad image is shown in Fig. 12b ). For comparison, we also show the limit that can be expected for the modulation, obtained by computing with XWFP the intensity profile of a 100 μm period pattern, having 100% contrast, and imaged with a 55 μm FWHM Gaussian point spread function. As can be seen, the experimental modulation is not far from the computed limit, suggesting that the true contrast of the 100 μm fringe pattern must be in the 70%-80% range.
Images obtained from the effective period pattern having a 14 mm normal incidence period, at incidence angles of 6, 3.5, and 2:8 mrad (effective periods of 85, 50, and 40 μm, respectively) are shown in Fig. 13a) . The intensity profile along the vertical box in the 2:8 mrad image is also shown in Fig. 13b ). As is expected, the modulation of the effective period pattern decreases rapidly with decreasing angle, as the effective period decreases below the resolving power of our imaging system. The comparison of the experimental intensity modulation with the computed limit indicates again quite good micropattern contrast. The effective period pattern exhibits, nevertheless, significant reflectivity variation along the mirror length, with the front side reflecting more than the rear side. A likely explanation is nonuniformity in the Ta deposition.
D. Imaging Tests with Two Mirrors
Finally, we have tested the patterns obtained from combining two grazing-incidence microperiodic mirrors. While the periods accessible with our present setup are too large for phase-contrast imaging (≤10 μm would be necessary), these experiments demonstrated that the reflective micropatterns can be accurately aligned under x-ray illumination and at grazing-incidence angles. In addition, using the second mirror as an "analyzer" of the pattern produced by the first, we could confirm in a direct experimental way the high contrast of the micropatterns. To reduce to the minimum possible (a few micrometers) the geometric broadening due to our finite source size, the experiments were done using a large source-tomirror distance of 3 m and low magnification of m ¼ 1:05. The distance between the mirror centers was ∼10 cm.
Results obtained with the 100 μm physical period patterns are shown in Fig. 14 . To minimize the effects of the strong parallax, the mirrors were used in an "antiparallel" configuration, as sketched in Fig. 14a ). The individual light patterns reflected by each mirror at an incidence angle of ∼1:7 mrad, obtained right before placing the second mirror in the path of the light reflected by the first, are shown in Fig. 14b) ; a band of direct light is also visible at the top of the image. As seen, the two images are slightly misaligned, due to the difference in magnification and parallax for the two mirrors. After illuminating the second mirror with light reflected from the first, the two slightly misaligned aligned patterns produce as expected moiré patterns. That these are indeed moiré patterns arising from successive reflections on the mirrors was also verified by laterally shifting one of the mirrors by a few tens of micrometers; this had the expected effect of shifting the moiré pattern by a fraction of its period [ Fig. 14c) ]. The maximal intensity modulation of the moiré pattern is ∼80%, indicating again good intrinsic contrast of the physical patterns.
The fringe contrast of a two-mirror system was also evaluated in the effective period configuration. The mirrors were placed in a parallel geometry with a few tens of micrometers effective period and one of the mirrors then translated along its length, to vary the overlap or "phasing" between the two reflective patterns [ Fig. 15a)] . The experiments were done again at a large source distance and low magnification, to avoid geometric broadening. The images of the doubly reflected pattern for ϕ ¼ 0 phasing (reflective strips from the first mirror overlapping with reflective strips of the second one) and for ϕ ¼ π phasing (reflective strips overlapping with nonreflecting strips) are shown in Fig. 15b) . A strong extinction of the reflected intensity (factor of ≥4 decrease) is observed for ϕ ¼ π phasing, indicating that quite good pattern contrast is also obtained in the effective period configuration.
Conclusions
Although our experiments do not yet demonstrate phase-contrast imaging or Talbot pattern formation, the results obtained with the prototype mirrors suggest that the proposed concept has good potential for phase-contrast imaging with hard x rays:
-The lithographic method of mirror fabrication enables achieving large reflectivity and good contrast between the reflective and the nonreflective mirror strips, up to the highest x-ray energies available; the method also enables producing precise patterns having small physical period, over large areas and at modest cost.
-In both physical and effective period configurations, the fringe quality and contrast appear good, at least for the periods accessible in our experiments; the quality of the physical period fringe patterns is particularly encouraging for clinical applications.
-Using x-ray illumination, it is possible to precisely align the microperiodic patterns at grazing incidence; moreover, the alignment appears to be slightly sensitive to vibrations and drifts.
Further experiments using a microfocus x-ray tube or synchrotron light are necessary to study Talbot pattern formation with the microperiodic mirrors. We note, nevertheless, that in "mirrors-only" interferometers, even in the absence of a properly defined Talbot pattern, local interference patterns would form, and from the comparison of the light patterns obtained in the absence of the refracting object and those obtained after its introduction in the x-ray path, one could unfold the structure of the object. Furthermore, in the case of "mirror-grating" hybrid interferometers, the formation of the Talbot pattern will be assured by the phase grating. Phase gratings for hard x-ray energies can be much more easily produced than absorption gratings, because the grating thickness needed for the π phase shift is of the order of tens of micrometers. For instance, a 75 μm Si grating was demonstrated for π phase shift at 60 keV [22] .
The experiments also revealed some challenges in the mirror fabrication. For instance, while the x-ray images of the physical period patterns from the two mirrors look similar [ Fig. 14b) ], the images of the effective period patterns show significant differences, with one of the mirrors producing a narrower and more blurry pattern than the other. Surface characterization with atomic force microscopy is needed to elucidate the cause for this effect.
The total reflection mirrors limit the field of view height of a hard x-ray DPC system to around 100 μm. At lower x-ray energies, one could, however, consider using microperiodically patterned multilayer mirrors to increase the field of view to the centimeter range. For instance, W=B 4 C multilayers have been fabricated that efficiently reflect E ≤ 5 keV x rays at angles ≥15 mrad [31] . Micropatterned, broadband crystalline reflectors, such as highly oriented pyrolytic graphite [32] , might also offer a way to increase the field of view height of phase-contrast systems at high energies. Finally, it might be possible to apply the micropatterned mirror concept for DPC imaging with neutrons. Efficient neutron mirrors can be made using multilayer technology [33] or through total reflection at grazing-incidence angles [34] . As for x rays, the advantage of mirror optics for neutron DPC imaging would be the broad spectral range and high contrast and throughput.
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